cerebral cortex ͉ glutamatergic signaling ͉ regulatory RNA N MDA receptors (NMDA-R) control many executive brain functions, such as working memory, and their dysfunction is implicated in a host of brain disorders (1-4). Notably, hypofunctional NMDA-R signaling, particularly in the prefrontal cortex (PFC), has been implicated in the cognitive and behavioral disturbances characteristic of schizophrenia (5), autism (6, 7), attention deficit hyperactivity disorder (ADHD) (8, 9), mood disorders (10), and other psychiatric illnesses. The cellular mechanisms by which disrupted NMDA-R transmission drives behavioral pathology are still unclear, although several of the major proteins involved in this pathway, such as calcium/calmodulin-dependent protein kinase II (CaMKII) (11), have been identified. In this study, we examine whether neurobehavioral abnormalities associated with NMDA-R hypofunction can be attributed to a novel class of regulatory RNA molecules, microRNAs (miRNAs).
cerebral cortex ͉ glutamatergic signaling ͉ regulatory RNA N MDA receptors (NMDA-R) control many executive brain functions, such as working memory, and their dysfunction is implicated in a host of brain disorders (1) (2) (3) (4) . Notably, hypofunctional NMDA-R signaling, particularly in the prefrontal cortex (PFC), has been implicated in the cognitive and behavioral disturbances characteristic of schizophrenia (5) , autism (6, 7) , attention deficit hyperactivity disorder (ADHD) (8, 9) , mood disorders (10) , and other psychiatric illnesses. The cellular mechanisms by which disrupted NMDA-R transmission drives behavioral pathology are still unclear, although several of the major proteins involved in this pathway, such as calcium/calmodulin-dependent protein kinase II (CaMKII) (11) , have been identified. In this study, we examine whether neurobehavioral abnormalities associated with NMDA-R hypofunction can be attributed to a novel class of regulatory RNA molecules, microRNAs (miRNAs).
miRNAs have attracted much attention as regulators of neuronal development and synaptic plasticity (12) (13) (14) (15) . Furthermore, psychiatric disorders such as schizophrenia, autism, and Tourette's syndrome are associated with dysregulated levels of miRNAs (16) (17) (18) (19) (20) . miRNAs are small (Ϸ22 nt) noncoding transcripts that can control expression of protein-coding mRNAs at the posttranscriptional level (21) . Pleiotropic miRNAs can control gene expression by binding to complementary sequences in the 3Ј untranslated region (3Ј UTR) of target mRNA transcripts to facilitate their degradation and/or inhibit their translation (15, 22, 23) . Understanding this layer of gene regulation therefore promises to enrich our knowledge of brain function and pathology. Dizocilpine is a highly selective phencyclidine-like NMDA-R antagonist that can rapidly produce schizophrenia-like behavioral deficits in humans and rodents (24) . We examined whether a psychotomimetic dose of dizocilpine (0.5 mg/kg, i.p.) altered miRNA expression in brain regions of C57BL/6 mice, by using miRNA microarray profiling as an initial screening approach. Our analysis was focused on the PFC because of the considerable evidence linking this brain region with behavioral pathology in psychiatric illnesses (19) . We extracted the small RNAs from the PFC of the mice 15 min after administration of a single dose of dizocilpine, i.e., a time-point at which dizocilpine-induced behavioral disturbances such as hyperlocomotion and stereotypy are readily observed (25) . Of note, there was a robust reduction of miR-219 out of 182 miRNAs detectable by microarray in PFC tissues (Table S1 ). miR-219 is a conserved miRNA expressed in both rodent and human brains, but not in other tissues (26, 27 ). These data demonstrate that concentrations of a brain-specific miRNA, which may play a role in regulating NMDA-R function, are altered during states of NMDA-R hypofunction.
In support of the microarray data, RT-PCR analyses demonstrated that miR-219 levels were significantly reduced by Ϸ50% (a change from an average cycle threshold value for controls of 28 to 29 after treatment) in the PFC of mice 15 min after injection of dizocilpine (0.5 mg/kg). miR-219 expression levels returned to basal levels by 120 min after treatment (data not shown), a time-point at which dizocilpine-induced behavioral disturbance has greatly dissipated (25, 28) . Dizocilpine did not alter miR-219 expression levels in the hippocampus or cerebellum relative to control mice (Fig. 1A) , suggesting that the decreased levels of miR-219 may be anatomically restricted during acute treatment. Northern blot analysis of PFC tissue demonstrated that dizocilpine depleted the mature miR-219 transcript, but not its precursor, indicating that the transcription rate of miR-219 was not altered by dizocilpine (data not shown).
The non-NMDA ionotropic glutamate receptor antagonist 2,3-dihydroxy-6-nitro-7-sulfamoylbenzo[f]quinoxaline-2,3 dione (NBQX) (1 mg/kg), which does not elicit cognitive nor behavioral deficits reminiscent of psychiatric disorders, did not alter miR-219 expression levels in the PFC (Fig. S1 ). Thus, NMDA-R hypofunction in particular, and not decreased glutamatemediated transmission in general, impacts miR-219 concentrations in the PFC. miR-219 Responds to Acute Dizocilpine Treatment. Both acute and chronic dizocilpine treatment are well known to induce changes in locomotor activity and stereotypy. However, there are distinct physiological differences between the two treatments, such as changes in glutamate release (29) . Therefore, we chronically treated mice with dizocilpine for 5 days by osmotic minipump (0.2 mg/kg per hour) or by daily i.p. injections (0.5 mg/kg), with animals being killed 15 min after the last injection on the 14th day. In the chronically treated mice (i.p.-and minipump-infused mice), miR-219 levels were not down-regulated in the PFC ( Fig.  1 C and D) , suggesting that the acute cellular responses to dizocilpine in miR-219 concentrations are subject to desensitization over time.
Genetic Disruption of NMDA Signaling Regulates MicroRNA Expression. Hyperlocomotor activity and increased stereotypic behavior induced by impaired NMDA-R signaling is also exhibited in mice with a hypomorphic mutation in Grin1 (NMDA-R subunit NR1). This mutation in Grin1 results in an Ϸ90% decrease in adult NMDA-R expression levels (25) . RT-PCR analyses demonstrated that expression levels of miR-219 were significantly lower in the PFC from NR1 mutant mice compared with wild-type controls (Fig. 1B) . Additionally, the NR1 hypomorphic mice exhibited a decrease in hippocampal levels of miR-219, another brain region implicated in the presentation of schizophrenia-related symptoms (30) .
Antipsychotic Treatment Modulates miR-219 Expression. Acute treatment with antipsychotics alleviates the neurobehavioral deficits expressed in humans and rodents with pharmacological (dizocilpine) or genetic (NR1 hypomorphs) NMDA-R dysfunction (31) . Therefore, we tested the possibility that pretreatment (30 min) with haloperidol (0.1 mg/kg, i.p.) or clozapine (0.75 mg/kg, i.p.), clinically used typical and atypical antipsychotic drugs, respectively, might impact acute dizocilpine-mediated (0.5 mg/ kg, i.p.) regulation of miR-219 levels. Haloperidol and clozapine attenuated dizocilpine-mediated hyperlocomotion (measured as distance traveled) in C57BL/6 mice ( Fig. 2A) . Consistently, pretreatment with either of the antipsychotic drugs prevented the reduction of miR-219 concentration in the PFC after dizocilpine administration (Fig. 2B) .
CaMKII␥ Is an mRNA Target of miR-219. The above data demonstrate that miR-219 expression levels are highly sensitive to disruptions in NMDA-R signaling. Next, we tested the hypothesis that miR-219 may directly modulate NMDA-R signaling by regulating the expression of components in this cascade. To identify protein-coding mRNA transcripts involved in NMDA signaling in the brain that have hybridization sites for miR-219, several bioinformatic programs for prediction analysis were used. We narrowed the number of bioinformatic candidates down to 6 based on their identification by 4 independent programs, including miRanda, TargetScan, PicTar, and RNA22 and a stringent minimum energy cutoff of Ϫ20 kcal/mol. CaMKII␥ was one of the mRNA targets predicted by this list to have strong hybridization sites for miR-219 (Table S2 ). The CaMKII family of kinases are considered core regulators of NMDA signaling that can modulate NMDA-R trafficking and activity state, and can be locally translated in dendrites to promote rapid plasticity (32, 33) . Therefore, we focused on this target for further in vitro and in vivo analysis.
To establish an in vitro cell system for further examination of CaMKII␥ regulation by miR-219, we differentiated mouse P19 cells into neurons. Subcellular analysis of miR-219 expression in the P19 cells with a locked nucleic acid (LNA)-modified probe (LNA-FISH) revealed a cytoplasmic signal for the mature miR-219 transcript (Fig. 3A) . In addition, signal for miR-219 was also detected along neurite outgrowths (Fig. 3A) , a pattern of expression similar to other miRNAs shown to play a role in synaptic plasticity (34) . The dendritic expression pattern of miR-219 noted here is consistent with a recent study demonstrating high concentrations of miR-219 in cell soma and dendritic regions of cultured primary rat hippocampal neurons (34) .
By using the P19 cells as a model system, we investigated whether CaMKII␥ is a target for miR-219 regulation. A portion of the CaMKII␥ 3ЈUTR encompassing the putative miR-219 target site, or a mutated sequence as a control, was engineered downstream of a luciferase gene in a vector. Luciferase activity from cells transfected with the wild-type CaMKII 3ЈUTR construct was repressed by Ͼ40% (P Ͻ 0.05) compared with cells transfected with the mutant control. To assess whether the CaMKII␥ luciferase levels could be restored with inhibition of miR-219 expression, we transfected cells with an LNA-modified antisense inhibitor of miR-219 (LNA-antimiR-219). LNA is a bicyclic RNA analog in which the ribofuranose ring in the sugar-phosphate backbone is structurally constrained by a methylene bridge between the 2Ј-oxygen and the 4Ј-carbon atoms resulting in a locked 3Ј-endo conformation characteristic of RNA. This modification results in reduced conformational flexibility and increased local organization of the phosphate backbone. When used in antisense constructs, LNA substantially increases potency both in vitro and in vivo (35) . The repression of luciferase activity was significantly released when the P19 cells were cotransfected with LNA-antimiR-219, suggesting that endogenous miR-219 hybridizes to the CaMKII 3ЈUTR and thereby inhibits translation of the encoded gene (Fig. 3B) . Expression levels of miR-9, another brain-enriched miRNA, were unaltered in LNA-antimiR-219-treated P19 cells (Fig. S2) , suggesting that the LNA antimiR acted by selectively targeting miR-219 and not by inducing a generalized decrease in miRNA expression. Furthermore, protein levels of CaMKII␥ were reduced in P19 cells upon overexpression of miR-219 (Fig. 3B) , whereas CaMKII␥ mRNA levels were unchanged (Fig. S3 ).
miR-219 Represses CaMKII␥ in Vitro in Cortical Cells.
To address whether the results we obtained with the P19 cells could be extrapolated to primary neuronal cells, we evaluated the regulation of CaMKII␥ by miR-219 in vitro in cortical cells derived from C57BL/6 mice. Cortical cells in which miR-219 was overexpressed showed a robust reduction in CaMKII␥ protein levels (Fig. 3C) . Additionally, treatment of cortical cells for 18 h with dizocilpine increased the protein levels of CaMKII␥, consistent with up-regulated levels of CaMKII␥ in the PFC of dizocilpinetreated mice (Fig. S4) . Collectively, these data support the bioinformatic predictions that CaMKII␥ mRNA is indeed a target of miR-219 and are consistent with a primary translational repression mechanism for miR-219 regulation of CaMKII␥ expression.
In Vivo Inhibition of miR-219 Alters CaMKII␥ Expression. Next, we examined the role of miR-219 in regulating CaMKII␥ expression levels in vivo in the brains of mice. To date, very few putative targets for microRNA regulation have been verified in vivo. Mice were implanted s.c. with osmotic minipumps that delivered continuous infusions (0.5 L/h) of LNA-modified oligonucleotides or saline. Tubing was tunneled from the osmotic minipump to a chronic indwelling intracerebroventricular cannula, such that the oligonucleotides were delivered continuously into the third ventricle of the forebrain (36, 37) . LNA-modified oligonucleotides were previously shown to be nontoxic in the rodent brain (35) , and as antimiRs (i.e., designed to hybridize with miRNAs) they have been shown to potently antagonize the biological activity of miRNAs in rodents (38) and nonhuman primates (39) . Mice were treated in the above manner with LNA-antimiR-219 (antimiR-219), a stringently mismatched LNA control having only 2 mismatches in the miR-219 recognition sequence and which does not target any known transcript (mismatch), or saline (control). The dose of LNA-antimiR-219 was chosen based on a previous study that successfully used a similar antimiR approach to reduce brain expression levels of miR-132 in vivo (26) . After 7 days of continuous LNA-antimiR infusion, expression levels of CaMKII␥ protein were assessed in the PFC. Western blot analysis demonstrated that CaMKII␥ protein concentrations in the PFC were significantly increased in vivo in the LNA-antimiR-219-treated animals compared with mismatch-or saline-treated groups (Fig. 3D) . This observation supports a tonic inhibitory role for endogenous miR-219 on local CaMKII␥ protein levels. Taken together, these data demonstrate that CaMKII␥ expression levels in the PFC are regulated by miR-219. Further, these data support the hypothesis that miR-219 represents an integral component of NMDA-R signaling.
In Vivo Inhibition of miR-219 Modulates NMDA-R-Mediated Neurobehavioral Dysfunction. Next, we tested the functional relevance of altered miR-219 expression levels in vivo during states of NMDA-R hypofunction. Specifically, we examined whether inhibition of miR-219, by using LNA-antimiR-219 delivered into the brain according to the same chronic infusion procedure described above, modified the degree of behavioral disruption induced by dizocilpine. In mice, hyperlocomotion and stereotypy are readily assayed behavioral features of dizocilpine-induced NMDA-R hypofunction. In vivo inhibition of miR-219 did not alter locomotor activity (distance traveled) or the expression of stereotyped behaviors under baseline conditions (Fig. 4 A and  C) . However, mice treated with LNA-antimiR-219 displayed markedly altered hyperlocomotion and stereotypy 30 min after dizocilpine administration (an average of 850 cm distance traveled and 6,240 stereotypy counts for 1 h) when compared with mice receiving the LNA mismatch or saline (an average of 3,200 cm distance traveled and 9,800 stereotypy counts for 1 h) via osmotic minipump. Furthermore, these effects persisted for 1 h (Fig. 4 B and D) .
Discussion
MicroRNAs have recently been implicated in neuronal functions both in vitro and in vivo. Our data support the existence of a previously uncharacterized microRNA modulator of NMDA-R signaling cascades and associated neurobehavioral functions. In the present study, we observed a robust change of miR-219 in the PFC of mice with hypofunctional NMDA-R activity. The downregulation of miR-219 appears to be linked with acute pharmacological suppression or developmentally down-regulated NMDA-R function. Indeed, both the LNA-antimiR-219-treated and NR1 hypomorphic mice (25) exhibit similar locomotor responses to acute administration of dizocilpine.
There are various animal paradigms which model the hypothesis that a state of NMDA-R hypofunction parallels the diverse range of symptoms in schizophrenic patients. Acute treatment of rodents with an NMDA-R antagonist (dizocilpine) has been reported to resemble the metabolic changes in patients experiencing an acute state of psychosis (40) . We show that the acute impact of dizocilpine on miR-219 coincides with the expression of locomotor deficits, indicating a rapidly on-setting regulatory role of the microRNA in neurobehavioral dysfunction. Additionally, it is well known that there are compensatory physiological changes in animals chronically treated with dizocilpine, which shifts the balance of the neurotransmitter system and the corresponding neurological impairment, including significant changes in cognitive tests and the induction of locomotor activity with exposure to stress (40) . The adaptive cellular changes in chronically treated mice are consistent with our finding that miR-219 is unaltered following chronic dizocilpine administration. It could be expected that the NR1 hypomorphic mice would have a similar cellular response as chronically treated wild-type mice, however, they show maintained decreased expression of miR-219. It has been shown that administration of NMDA antagonists such as dizocilpine in infant mice can alter the development of the cerebral cortex (41), a brain region strongly implicated in the pathogenesis of schizophrenia (42) . This point could help explain the slightly different results obtained with hypomorphic mice, whose NMDA-mediated glutamate signaling is impaired throughout development. In fact, when we compared other regions of the brain, we also observed lower levels of miR-219 in the hippocampus, a region which showed no change of the microRNA in genetically unmodified mice.
The behavioral deficits prompted by pharmacological or genetic knockdown of NMDA-R function can be alleviated with currently prescribed therapeutics (25) . Acute treatment with antipsychotics, such as clozapine, blocks the hyperlocomotor symptoms induced by NMDA-R hypofunction in dizocilpinetreated animals or NR1 hypomorphs (25, 43) . In our studies, a possible mechanism by which these clinically effective antipsychotic agents attenuated the acute inhibitory effects of dizocilpine on miR-219 concentrations is by decreasing the neurochemical and behavioral deficits associated with NMDA receptor hypofunction. Consistent with this hypothesis, it has been shown that haloperidol and clozapine can facilitate NMDA receptor function (44) and counter the inhibitory effects of dizocilpine on NMDA receptor-mediated transmission (45) .
Based on the results reported in this study, we propose that miR-219 negatively regulates the function of NMDA receptors. Indeed, a recent study reported that overexpression of miR-219 in cortical cells inhibits Ca 2ϩ influx through NMDA-R signaling transduction upon receptor activation in vitro. We show that CaMKII␥, an integral downstream responder to NMDAmediated Ca 2ϩ signaling, is a target of miR-219 in vitro and in vivo. The silencing of miR-219 in the murine brain releases the translational repression of the microRNA on the 3ЈUTR of the CaMKII␥ mRNA, thus providing a compensatory mechanism to maintain NMDA-R function during acute antagonism of the receptor and to attenuate associated behavioral manifestations (Fig. 5) Recent clinical trials in schizophrenia (31) have indicated that glutamate receptors may be viable targets for novel therapeutics. We propose that miR-219 may play a role in the locomotor deficits exhibited in acute schizophrenia through the regulation of glutamatergic NMDA-R signaling cascades. It will be important in future work to test the effects of antimiR-219 on other behavioral deficits induced by NMDA receptor ligands like dizocilpine, especially those not dependent on locomotor activity. For instance, it will be interesting to test whether inhibition of miR-219 signaling can alter schizophrenia-like deficits in sensorimotor gating or the deficits in brain reward function induced by dizocilpine.
In summary, we report that miR-219 appears to be an integral component of the NMDA-R signaling cascade. This microRNA responds rapidly to alterations in NMDA-R signaling, exerts translational control of CaMKII␥ expression, and contributes to altered behavioral manifestations.
Materials and Methods
RNA Isolation. Total RNA was isolated from all samples by using phenol-and chloroform-based extractions. Up to 30 mg of tissue was homogenized in 1,000 L of RNASTAT60 (Tel-Test), followed by addition of 250 L of chloroform and vortexing for 1 min. The RNA was precipitated with 2ϫ volumes of isopropanol overnight at Ϫ20°C before being pelleted with a 30-min centrifugation at 12,000 ϫ g. The RNA pellets were resuspended in RNAsecure (Ambion). Up to 10 g of RNA for each sample was treated with Turbo DNase (Ambion) for 1 h at 37°C to remove any residual genomic DNA.
microRNA Array Profiling. Samples of small RNA (0 -200 nt) were obtained by size-fractionation on YM-100 ultrafiltration columns (Millipore) and were 3Ј-end-labeled with Oyster-550 fluorescent dye by using the Flash-Tag kit (Genisphere). The labeled RNA was hybridized overnight to epoxide glass slides double-spotted with the NCode version 2.0 oligonucleotide probe set (Invitrogen). Microarrays were scanned on an Axon Genepix 4000B scanner (Molecular Devices), and data were extracted from images by using GenePix V4.1 software (Axon Laboratories).
miRNA-Specific RT-PCR. All miRNA RT-PCR experiments were performed using the microRNA assays from Applied Biosystems. For all reactions, 10 ng of total RNA was reverse-transcribed with miRNA-specific primers (Applied Biosystems) and a mouse primer to U6 for an endogenous control (Applied Biosystems). The cDNA was amplified by RT-PCR using universal Taqman mix and microRNA-specific (Applied Biosystems) according to the manufacturer's protocol. All reactions were analyzed by using the ⌬⌬Ct calculation procedure (Applied Biosystems).
Luciferase Reporter Constructs. Luciferase constructs were generated by using the pGL3 control vector and ligation using T4 DNA ligase of annealed oligos containing Ϸ50 base-pairs of sequence surrounding the putative miRNA target site. All ligated products were transformed into Escherichia coli DH5␣ cells and verified by sequencing.
Cell Culture and Transfections. Mouse P19 embryonic carcinoma cells (American Type Culture Collection) were differentiated into neuronal-like cells according to a protocol adapted from Jones-Villeneuve (46) . Differentiated cells were transfected overnight with 0.15% Lipofectamine2000 (Invitrogen) and 100 ng of luciferase vector or 20 nM of LNA oligonucleotide, accordingly. Additionally, all luciferase experiments were cotransfected with 5 ng of a control Renilla pRL-TK (Promega) vector for normalization. Luminescence for luciferase-based assays was read on the Analyst Multimode Reader (Molecular Devices).
Cortical cells derived from C57 mice were purchased from LonzaWalkersville Corporation. A total of 400,000 cells were plated into each well of a poly-D-lysine coated plate and transfected 5 days later with 0.1% Lipofectamine and 30 nM of synthetic miR-219 RNA. For dizocilpine exposures (50 M), cells were allowed to mature for 14 days before treatment.
Western Blot. Protein was isolated by sonication of cells or tissue in a standard solubilization buffer of 20 mM Hepes, 100 mM NaCl, 1 mM EDTA (pH 8.0), 1% Triton-X, and a protease-inhibitor mixture. Protein levels were quantified by standard Bradford assay before gel electrophoresis and subsequent transfer of proteins to a nylon membrane. The membrane was blocked with 5% nonfat dry milk before incubation with the primary antibody (Millipore). Antibodybound proteins were visualized by chemiluminescence and autoradiography.
In Situ Hybridization (ISH). miRNAs were detected in fixed P19 cells by using Digoxygenin (Dig)-labeled LNA probes from Exiqon. The cells were prehybridized with a buffer containing 50% formamide, 5ϫ SSC, 0.1% Tween, 9.2 mM citric acid, 50 g/mL heparin, and 500 g/mL yeast RNA at 22-25 o C below the T m of the LNA probe. The prehybridized samples were then incubated overnight in the hybridization containing 20 nM of the probe. Hybridization signal was detected by using an Alexa Fluor 488 -streptavidin tyramide amplification kit (Invitrogen) before confocal microscopy.
Animals. Adult male C57BL/6J mice (Jackson Labs) were used for all studies. Mice weighing 20 -25 g at the beginning of the experiments were housed in groups of 4 per cage. Mice were housed in a humidity-and temperaturecontrolled (22°C) vivarium on a regular light cycle (lights on at 8:00 a.m.), with food and water available ad libitum. NR1 hypomorphic mice were described previously (31) except that the mice used in this study were backcrossed on a C57BL/6J background for at least 10 generations. NR1 mice and their wild-type littermates were killed, and the brains were rapidly removed and frozen on dry ice until used. All procedures were conducted in strict accordance to the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Chronic Dizocilpine Treatments. Microosmotic pumps (model 1002; Alzet) were prepared in an aseptic tissue culture hood with a 100-L volume of 2-mg dizocilpine (Sigma). This dose was calculated to deliver 0.2 mg/kg dizocilpine every hour. Twelve-week-old wild-type mice weighing 25 g were anesthetized i.p. with 10 mg/kg xylazine/100 mg/kg ketamine and implanted s.c. with microosmotic pumps. Five days after implantation of the minipumps, mice were killed by cervical dislocation, and the brains were rapidly removed and frozen in isopentane over dry ice. For chronic treatment by i.p. injection, 12-week-old wild-type mice were administered 0.5 mg/kg dizocilpine once daily for 14 days. Fifteen minutes after the last dose on the 14th day, animals were killed and the PFC and hippocampus were rapidly dissected from the brain for microRNA analysis. the ''flat-skull'' position, and a 22-gauge stainless steel cannula (6 mm in length; Plastics One) was implanted into the third ventricle (anteroposterior, Ϫ1.94 mm from bregma; medialateral, Ϯ0 mm from midline; dorsoventral, Ϫ1.4 mm ventral to skull surface). Four indentations were made in the skull to accommodate screws that, together with the application of dental acrylic, held the cannulae in place.
Osmotic Minipump Implantation. After successful implantation of intraventricular cannulae, mice were prepared with s.c. osmotic minipumps [model 2002 (14 day)] delivering a constant flow of 0.5 L of solution per h (Alzet Osmotic Pumps). Sterile tygon tubing was connected to the output of each minipump at one end, and the other end tunneled under the animals' skin to exit at the base of the skull. This tubing was then connected to the indwelling intraventricular cannula, which was implanted as described above. The surgical wound resulting from minipump implantation was closed with 9-mm stainless steel wound clips (Becton Dickinson Primary Care Diagnostics). After the relevant time-point of exposure to LNA-antimiR, LNA-antimiR mismatched control oligonucleotide, or saline delivered directly into the third ventricle, mice were killed and their brains were harvested for biochemical analyses.
Locomotor Activity and Stereotyped Behaviors. Horizontal (ambulation) and vertical locomotor behaviors and stereotyped behaviors of mice were automatically recorded in transparent 25-ϫ 42-ϫ 19-cm plastic cages equipped with computer-controlled photocells automatically monitoring the movements (Photobeam Activity System; San Diego Instruments). The cages were arranged on the shelves and illuminated by artificial lights with an average intensity of 290 lux. Locomotion and stereotypy was recorded in 30-s periods.
Statistics.
Results are given as mean Ϯ SEM. Where appropriate, statistical analysis was performed with ANOVA tests for comparisons between groups. The null hypothesis was rejected at the P Ͻ 0.05 level.
